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Laser driven shock waves can readily produce pressures in the laboratory of up to
100Mbar. This provides the potential for equation-of-state (EOS) studies under pressure
conditions not previously attainable in the laboratory. With the development of high power lasers
in the 1970s’, high pressures were quickly demonstrated by various experiments'”* , but
experiments capable of accurate EOS measurements have only been reported®*” recently. Typical
difficulties have included edge effects from the small laser illumination area, spatial and temporal

non-uniformities in the laser pulse, and target preheat.

Basic shock properties such as the shock and mass flow velocities of 1-dimensional planar

shocks are directly related to the EOS (E=f(P,V)) through the Rankine-Hugoniot relations:

PP == (1
)

V=r (1= )

E-E, = —;:(P+ R)v,-v) 3)

where P, V, and E are the pressure, volume, and total energy behind the shock, where us and u,
denote the shock and particle flow velocities, and where Po, V,, and E, are the initial conditions.
A complete knowledge of the state variables in the final shock state is obtained from an
independent measurement of any two of the variables. These relations are valid for steady and
non-steady shocks as long as the shock front is discontinuous. If the shock is non-steady the
Rankine-Hugoniot relations relate the instantaneous and not the average staté variables in front
and behind the shock front. This imposes a severe restriction on the accuracy of laser EOS
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experiments because measurements of instantaneous shock properties in these experiments are
prone to large errors. The importance of these uncertainties is estimated by considering the
propagation of errors in the Rankine-Hugoniot relations. For the case were the shock velocity
and particle velocity are measured with uncertainties Auy/ ug and Auy/ u,, the expected error in
the density is given by Ap/p ~ (p/po-1){( Auy/ us ) +( Auy/ up )2 +26%(Auy/ us X Auy/ uy )32,
where o7, is the covariance between u; and up.  As an example, Al shocked to 10 Mbars
undergoes a compression of p/p,~2.65 and will require an accuracy of ébout 2% in the velocity
measurements to give an overall 5% accuracy in the density determination. If the shock is also
unsteady with a 2% change in velocity over the time of the measurement then the overall accuracy
can further degrade to about 10%. Materials undergoing higher shock compression will have
even larger errors, ~ 18% for p/p,=4, as in an ideal gas. In some cases errors may partially
cancel as a result of negative covariance terms but in general measurements of EOS properties to

within 10% will require shocks that are steady to better than 2%.

Laser produced shocks are often not steady because of time variations of the laser drive
pulse and because of the dynamics of the laser-target ablation physics. The processes responsible
for these variations, are thought to be well understood, have been modeled analytically,® and are
routinely calculated by various hydrodynamic codes. Unfortunately, systematic and accurate data
are not readily available to evaluate the capability of our models and codes to predict the temporal
behavior of unsteady shocks. In this work, we report on laser shock experiments with sufficient
accuracy and time duration to study the temporal behavior of shocks as a function of the laser
drive pulse shape, target thickness, and material properties of the ablation surface. These issues

are of key importance in designing, interpreting, and validating laser-shock EOS measurements.
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We find that it is difficult but possible to obtain steady state shocks in the 2% range that is

required for accurate EOS measurements

We use the Nike KrF laser, with laser beams that are optically smoothed by Induced
Spatial Incoherence (ISI), to generate very smooth illumination profiles on target ( 8I/I <.02) and
to drive well-controlled planar shocks.” As pér Fig. 1, the multiple beams (20-44 beams,~50
Joules/beam) of the NIKE laser are focused to a ~750 um spot on a planar aluminum target with
an intensity of 10">-10" w/cm®. A thin layer of CH plastic is deposited on the target surface to
lower the average Z, thus minimizing x-radiation output and target preheat. The rear surface of
the target is micro-machined to produce several steps. The different shock propagation times
through the steps are recorded with an optical streak camera which detects the light emission from
the high temperature shocks as they break out of the rear of the target. Typically, the target has an
aluminum base of about 30-60 um, two or three additional 20pum steps, and 10um CH ablation
layer. Target metrology is performed with white light interferometry, giving a step height
accuracy of + 0.1 um. The streak camera is independently calibrated with a set of short laser
pulses (~10 ps) multiply reflected between two mirrors. These calibration measurements give a

typical streak camera accuracy of +10 ps for relative time measurements in a single streak record.

The streaked emission record from a typical shock through a two step target is displayed
on the right in Fig. 1. A planar shock is shown emerging from both sides of the steps. The shock
break-out from the 1% and 2™ steps occur after delays of ~Ins. For targets up to 100 pm in
thickness the shock is found to be uniform over the central 400-450 um of the 750 pum laser
profile. Accordingly, the step widths (100 um for two steps and 75 um for three steps) are

chosen to insure that the steps are well inside the central uniform region but wide enough to
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mitigate edge effects. In the worst case, the shock release from the step edges is not expected to
move sideways more than the 20 pm thickness of the steps.® The rise-time of the emission signal
is typically 20-30 ps, primarily limited by the time response of the streak camera. The shock
break-out time is determined from a spatially averaged (~25um ) line-out profile of this emission
signal. See Fig. 2. The emission characteristics of a shock signal are complicated at the foot and
at the peak of the emission profile. To avoid complications in the definition of the shock arrival
time, we define the shock break-out time as the mid-point of the least-squares line-fit to the
steepest portion of the emission profile. This definition is meant to be used for relative
measurements of shock arrival time at the different steps of a target in a single experiment. It may
be different than the true arrival time of the shock but because the shock strength is relatively
constant in these experiments, this difference should remain constant and cancel in a relative

measurement.

The shock breakout time as a function of shock position at the various step heights is used
to determine the shock speed and its history. In this experiment there are three primary variables:
the laser pulse shape, the target thickness and the presence or absence of a CH layer on the laser-
side of the target. Fig. 3. shows data where the experimental parameters are optimized for steady
shock propagation. The temporal pulse shape of the laser is flat-topped, as in the insert. The
target has a 10um CH preheat layer. The target base is much thicker (60pm) than the thickness of
the CH layer and the distance over which start-up transients dissipate. The shock is steady and
propagates with a velocity of 2.2 x 10¢ cm/s (P ~ 7 Mbar). The error bars for each data point are
smaller than the size of the data symbol ( ~ 20 ps and 0.2 um). For shaped pulses, in F ig. 4, the

shock propagation is substantially less steady. For this case the target thickness and the CH
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preheat layer are held constant while the laser is modified to produce a fast-rise, fast-fall, and
long-tail pulse, as in the insert. The driving pressure falls with the laser pulse and the shock-speed
decays by more than 20% in the last steps in the target. The decay in shock speed is observed at a
time commensurate (At~1.5nsec) with the propagation of a rarefaction wave from the front
surface that began with the fall in the laser pulse. Strong shock decay is also observed, in Fig. 5,
for the case where the target base thickness is reduced to about 30pum while the laser pulse is held
steady. With this thinner target, the shock is still evolving as a result of initial ablation-driven
pressure transients and because of shock reflections at the Al-CH interface. For the case where
the targets had no CH ablation layer, in Fig. 6, it was not possible to obtain a steady shock,
regardless of the shape of the laser pulse or the thickness of the target. Calculations show that
radiation form the laser-side of a pure aluminum target increases and heats the target interior to

the point that the target steps expand and affect the shock measurement.

The experimental data are used to evaluate the capability of NRL's FAST2D laser-matter
interaction code’ to accurately predict the temporal behavior of planar shocks under varying
experimental conditions. The experiments are modeled with the one-dimensional, planar version
of the code. It uses a moving-grid semi-Eulerian numerical formulation that allows the
computational grid to track the moving ablation surface. The hydrodynamic equations are solved
using the Flux Corrected Transport (FCT) algorithm,'® which was developed for solving
problems involving sharp gradients, such as shocks, with high accuracy and minimal numerical
diffusion. The accuraéy and suitability of FCT for shock-propagation problems was verified with
analytical benchmarks.!! The ablation of the solid materials by the laser, their ionization, and the

interaction of the laser with the blowoff plasmas are all included in the calculation. The code also
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includes radiation transport through the use of lookup tables of atomic opacities. The calculations
are done on 0.3pum grid and use an adjustable time step, ranging between 0.1 psand 1 ps. In Figs.
3 to 6, the curves through the data show specific calculations for the conditions of each shot. To
allow for absolute timing errors and uncertainties in the laser intensity (+ 20%), the time origin
(T=0) of the data and the calculation are set to the time that the shock first breaks out of the base
layer. Shock velocities are obtained by differentiating the measured and calculated shock
trajectories. Typically, differentiation introduces additional numerical noise but the shock
velocities are well represented by an average slowly varying curve. For conditions with flat-
topped laser pulses and thick CH coated targets, the code calculations agree with the experiment,
Fig. 3, predicting a very steady shock. The velocity plot shows the shock velocity decaying
linearly. The best fit to the data gives a decay of only 1% per nsec as the shock propagates
through the stepped region of the target. The difference between the slope of a linear fit to the
measured and calculated data is less than 1%. For the cases with thinner targets, targets without
the CH ablation layer, or with structured laser pulses, the agreement with calculations is not as
good. In these cases, the calculations predict the shocks to be more stead)j than is obsewed in the
experiment. This is not due to uncertainties in the laser intensity. A variation of the average laser
intensity in the calculation by +20% moves the point of intersection between the data and
calculated velocity curves by less than £10% and does not change the difference in slope. The
discrepancies between the code calculations and the experiment are the greatest when the initial
pressure transients are enhanced by structured laser pulses or where the initial pressure transients
do not have sufficient time to dissipate as a result of short prqpagation times in thin targets. This
suggests that the details of how the initial transients are treated in the calculations and the degree

to which the laser intensity is known in the sharply changing laser pulse are very important for

Mostovych er al. 6




obtaining good comparison between the code and experiment. At this point it is not clear if the
observed discrepancies result from difficulties in determining the exact pulse shape of a multi-

beam high power laser or from difficulties in modeling the initial breakdown of the target as it

transitions from a solid to a high temperature plasma.

In summary, the propagation of planar laser-driven shock waves has been measured with
high accuracy in stepped aluminum targets. For the best conditions, the shock velocity is uniform
within +2%, a regime that is conducive to equation-of-state measurements. The shock velocity is
sensitive to changes in the temporal pulse shape of the laser, to the position within the target, and
to target preheat. Computer simulations accurately predict asymptotic shock behavior but do not
match the experiment for the early times when the pressure undergoes rapid changes. As a result,

high accuracy equation-of-state experiments will require verified steady-state behavior.

This work is supported by the US Department of Energy.
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Figure Captions:

Fig. 1. Schematic of experiment and sample streak photograph of shocked target. Target steps

on target rear delay shock arrival time. The target has a 10um CH ablation layer, a 60um base,

and is driven by a 4nsec flat laser pulse.

Fig. 2. Typical emission profile that is produced by a shock breaking out of the rear of a 60pum
target. The target has a 10um CH ablation layer and is driven by a 4nsec flat laser pulse. Data
corresponds to a 25um spatial average. Shock time is defined as the mid-point of the fit to the
steepest portion of the profile.

Fig. 3. Measurements of shock position inside the target as a function of breakout time. The

combination of a steady laser pulse, thick target base, and a low-radiation CH ablation layer are

necessary to produce shocks sufficiently steady for EOS studies. Curve through the data due to
1d hydrodynamic simulations

Fig. 4. Structured laser pulses are used to test the sensitivity of shocks to changes in the ablation

pressure. Rarefaction from front surface attenuates shock after about 1.5 nsec.

Fig. 5. Measurements with thin targets show that the shock is very unsteady at early times,

regardless of the steadiness in the laser drive. This transient regime is not modeled well by the

calculation.

Fig. 6. Measured shock velocities from targets without a CH ablation layer are not steady for a 30
or 60um target thickness. Radiation from the ablation layer is heating the target and expanding

the diagnostic steps before the shock reaches the rear of the target.
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